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action of Mg21 on NMDA receptors, it was realized that
NMDA receptors likely play a critical role in activating
the dendrodendritic reciprocal circuit, and such an impli-
cation has recently been confirmed by three indepen-
dent studies (Chen and Shepherd, 1998; Isaacson and
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Strowbridge, 1998; Schoppa et al., 1998).
The original studies (Rall et al., 1966; Price and Powell,Summary
1970a) as well as recent work (Woolf et al., 1991a) have
established the proximity of the reciprocal synaptic pairIn the mammalian olfactory bulb, signal processing is
mediated by synaptic interactions between dendrites. in connecting the mitral and granule cells. This proximity
of glutamate receptors and GABA release sites in theGlutamate released from mitral cell dendrites excites
dendritic spines of granule cells, which in turn release granule cell spines suggests the hypothesis that Ca21
influx through the NMDA receptors could lead directlyGABA back onto the mitral cell dendrites, forming a
reciprocal synaptic pair. This feedback synaptic circuit to GABA release. In their recent publications, Isaacson
and Strowbridge (1998) and Schoppa et al. (1998) feltwas shown to be mediated predominantly by NMDA
receptors. We further utilized caged Ca21 compounds this was unlikely, favoring the classic view that GABA
release would be dependent on voltage-gated Ca21to obtain insight into the mechanism that couples
NMDA receptor activation to GABA release. Feedback channels.
In the present study, we have attempted to obtaininhibition elicited by photo-release of caged Ca21 in
mitral cell secondary dendrites persisted when volt- evidence regarding this question by using a caged Ca21
compound to activate the reciprocal synapses. The re-age-gated Ca21 channels were blocked by cadmium
(Cd21) and nickel (Ni21). These results indicate that Ca21 sults provide evidence for the hypothesis that NMDA
receptors can provide a direct Ca21 source for triggeringinflux through NMDA receptors can directly trigger
presynaptic GABA release for local dendrodendritic transmitter release from the granule cell spines in den-
drodendritic feedback inhibition.feedback inhibition.
ResultsIntroduction
We first tested the relative contributions of NMDA andReciprocal dendrodendritic synapses between mitral
non-NMDA receptors to the dendrodendritic feedbackand granule cells in the olfactory bulb provide for feed-
inhibitory postsynaptic potential (IPSP) under the condi-back inhibition of excited mitral cells as well as lateral
tions of low-Mg21 Ringer solution. We focused our analy-inhibition of adjacent mitral cells (Rall and Shepherd,
sis on feedback inhibition under current clamp in re-1968; Nicoll, 1969; Jahr and Nicoll, 1980; Nowycky et
sponse to a single action potential evoked in recordedal., 1981). Both feedback and lateral inhibition play criti-
mitral cells. The NMDA and non-NMDA receptor antago-cal roles in odor information processing as well as olfac-
nists D(2)-2-amino-5-phosphonopentanoic acid (APV,tory learning and memory (Yokoi et al., 1995; Brennan
50 mM) and 6-cyano-7-nitroquinoxaline-2,3-dione diso-and Keverne, 1997).
dium (CNQX, 20 mM), respectively, were bath appliedEarly studies with the in vitro turtle olfactory bulb
to examine their effects on the spike-evoked feedback(Nowycky et al., 1981; Jahr and Nicoll, 1982) and later
IPSP. APV alone completely blocked the feedback IPSPwith the salamander (Wellis and Kauer, 1993, 1994) have
(Figures 1B and 1D; n 5 10), whereas CNQX had littlerevealed that glutamate and GABA are the neurotrans-
effect (Figures 1C and 1D; n 5 9). This is consistent withmitters mediating, respectively, the excitatory and inhib-
the findings of Isaacson and Strowbridge (1998) anditory synapses of the reciprocal pair (Figure 1A). It is
Schoppa et al. (1998), who used different stimulatingassumed that lateral inhibition is mediated by spread
protocols. To determine if APV has some unusual ac-and summation of excitatory postsynaptic potentials
tions other than blocking NMDA receptors, we com-(EPSPs) in the granule cell dendritic tree to trigger GABA
pared its effects on spike-evoked feedback IPSP andrelease by the classic voltage-gated Ca21 channels.
spontaneous IPSPs; APV blocked the feedback IPSPHowever, little is known about the mechanism that links
but not the spontaneous IPSPs (see arrows in Figureinitial activation of the excitatory synapse to activation
1B). This implies that APV did not affect the inhibitoryof the reciprocal synapse on the same spine, which
granule-to-mitral cell synapse, but instead only actedleads to local feedback inhibition. A clue to this linkage
on the excitatory mitral-to-granule cell synapse. To testcame in two early studies in which activation of a mitral
more directly for NMDA and non-NMDA components incell by injected current produced feedback inhibition of
the granule cell response, whole-cell recordings werethat cell using Ringer solution with no Mg21 ions (Jahr
made from granule cells. In response to mitral cell stimu-and Nicoll, 1982), but not in 2 mM Mg21 Ringer solution
lation by an electric shock delivered to the external plexi-(Mori et al., 1981). After the discovery of the blocking
form layer, the granule cell showed an EPSP with both
APV and CNQX sensitivity (Figure 1E; n 5 9). This indi-* To whom correspondence should be addressed (e-mail: chen@
spine.med.yale.edu). cates that both NMDA and non-NMDA receptors are
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Figure 1. NMDA Receptors Play a Dominant Role in Mediating Feedback Inhibition in the Olfactory Bulb
(A) Synaptic organization of the dendrodendritic reciprocal synapses. Abbreviations: MC, mitral cell; GC, granule cell; and Glu, glutamate.
(B) Feedback IPSPs evoked by individual action potentials in a recorded mitral cell were completely blocked by 50 mM APV, the NMDA
receptor antagonist. Please note that spontaneous IPSPs (indicated by arrows) were not blocked, suggesting that APV only affected the
excitatory mitral-to-granule cell synapse.
(C) Non-NMDA receptor antagonist, 20 mM CNQX, had little effect on the spike-evoked feedback IPSP.
(D) Statistical comparison of the effects of APV and CNQX on the feedback IPSP.
(E) A granule cell responded to stimulating the mitral cell population with an EPSP comprising both APV- (50 mM) and CNQX-sensitive (20
mM) components.
colocalized on the granule cell spines (Wellis and Kauer, a large and long-lasting feedback IPSP (Figure 2B, bot-
tom trace; n 5 6) that was not much affected by 20 mM1993, 1994; Isaacson and Strowbridge, 1998; Schoppa
et al., 1998; Aroniadou-Anderjaska et al., 1999; M. CNQX (Figures 2C and 2E; n 5 10) but was completely
blocked by 50 mM APV (Figures 2D and 2E; n 5 8). Thus,Sassoe-Pognetto and O. P. Ottersen, 1999, Soc. Neu-
rosci., abstract; but see Montague and Greer, 1999). the uncaging-evoked feedback IPSP had the same
properties as the spike-evoked feedback IPSP. ThisIt has been hypothesized that the EPSP in the granule
cell spine is sufficient, in the absence of action poten- identity suggests that the underlying mechanisms might
be the same.tials, to trigger the reciprocal inhibitory synapse (Rall and
Shepherd, 1968) and that the EPSP activates voltage- We then tested if the uncaging-evoked feedback IPSP
could persist under conditions that block all of the volt-sensitive Ca21 channels that provide the Ca21 influx for
GABA release from the spine (Isaacson and Strow- age-gated Ca21 channels. A mixture of Ca21 channel
blockers, 100 mM cadmium (Cd21) and 100 mM nickelbridge, 1998; Schoppa et al., 1998). To test these
hypotheses, the traditional approach of using blockers (Ni21), was bath applied to the recorded slices. In control
experiments, Cd21/Ni21 administration totally abolishedof voltage-sensitive Ca21 channels in the bathing me-
dium could not work because they would block gluta- the spike-evoked feedback IPSPs (Figures 3A and 3D;
n 5 15) and the IPSPs evoked by direct stimulation ofmate release from the mitral cell dendrites, which makes
it impossible to analyze the mechanisms underlying sub- the granule cells (Figures 3B and 3D; n 5 8), indicating
that these agents were potent enough to block the volt-sequent GABA release from the granule cell spines.
To deal with this problem, caged Ca21 compound age-gated Ca21 channels required for classic transmitter
release. The same Cd21/Ni21 solution, however, only(DM-nitrophen) was introduced through patch pipette
into the mitral cell and allowed to diffuse into the second- slightly reduced the uncaging-evoked feedback IPSP
(Figures 3C and 3D; n 5 10). These results thereforeary dendrites. A brief ultraviolet (UV) light pulse presum-
ably evoked a Ca21 concentration spike in these den- suggest that voltage-gated Ca21 channels were not play-
ing a major role in the NMDA receptor±mediated GABAdrites (Zucker, 1993), which would trigger glutamate
release independently of voltage-gated Ca21 channels release from the granule cell spines.
These results thus point to Ca21 entering through the(Figure 2A). In artificial cerebrospinal fluid (ACSF) con-
taining 1.3 mM Mg21, a UV pulse failed to evoke a feed- NMDA receptors as the agent for activating GABA re-
lease from the reciprocal synapses on the granule cellback IPSP in the mitral cells recorded with a high-Cl2
pipette solution (Figure 2B, upper trace; n 5 6), produc- spines. We next tested whether this mechanism could
be mediated by Ca21-induced Ca21 release from internaling only a small hyperpolarization of nonsynaptic origin.
Removing Mg21 from the medium immediately revealed stores in the spine. We applied thapsigargin (10 mM), a
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Figure 2. Pharmacological Properties of the Feedback IPSP Evoked by Photolysis of Caged Ca21 Compounds in the Mitral Cell Secondary
Dendrites
(A) Experimental design: 10 mM DM-nitrophen (30% loaded with Ca21) was infused into the mitral cell dendrites through recording pipette. A
UV light pulse was focused onto the secondary dendrites to photo-release Ca21 ions, which triggered glutamate release from these dendrites
to activate the reciprocal synapses.
(B) The uncaging-evoked feedback IPSP was very sensitive to extracellular Mg21 ions. A high-Cl2 recording solution was used to make the
IPSP appear depolarizing. The small hyperpolarization observed in the presence of Mg21 was not due to synaptic mechanisms, as it was not
blocked by glutamate or GABA receptor antagonists. The reason for using high-Cl2 pipette solution was to distinguish the uncaging-evoked
feedback IPSP from this membrane hyperpolarization.
(C) Non-NMDA receptor antagonist (20 mM CNQX) had little effect on the uncaging IPSP.
(D) The uncaging-evoked IPSP was completely blocked by the NMDA receptor antagonist (50 mM APV).
(E) Statistical comparison of the effects of CNQX and APV on the uncaging-evoked feedback IPSP.
In (B), (C), and (D) as well as Figures 3A, 3C, and 3E, 0.2 mM TTX was included in the ACSF to stablize the membrane potential.
Ca21 store±depleting agent, and ryanodine (10 mM), effects on NMDA receptors (Harrison and Simmonds,
1985; Mayer and Westbrook, 1985; Mayer et al., 1989).which blocks the ryanodine receptor, to the bathing
medium (Figure 3E; n 5 6). Neither of these agents had a We examined this issue by puffing 10 mM glutamate
onto the granule cell dendrites in the presence of 20 mMblocking effect on the uncaging-evoked feedback IPSP.
The experiments illustrated in Figure 3 provided evi- CNQX, 20 mM bicuculline, 10 mM strychnine, and 0.5
mM TTX. The Cd21/Ni21 administration only slightly re-dence that GABA release from the granule cell spine in
the feedback inhibition could persist during blockade of duced the NMDA receptor±mediated current, in contrast
to its strong blocking effect on the inward Ca21 currentvoltage-dependent Ca21 currents. To test more directly
whether the voltage-gated Ca21 channels in the granule evoked by a preceding depolarization command (Fig-
ures 4C and 4D; n 5 8). The small reduction of thecells were blocked by the Cd21/Ni21 administration,
whole-cell recording was made from the granule cell uncaging-evoked feedback IPSP seen in Figure 3D
could be due either to a direct action of Cd21/Ni21 onsoma to isolate the voltage-activated Ca21 current in
these cells. As shown in Figures 4A and 4B, with block- NMDA receptors or to blockade of a small contribution
of Ca21 channels. Taken together, these results supportade of Na1 (0.5 mM tetrodotoxin [TTX]) and K1 channels
(10 mM tetraethyl ammonium [TEA] and 100 mM internal the hypothesis that Ca21 influx through the NMDA recep-
tors plays a direct role in triggering GABA release fromCs1) (together with blockade of synaptic transmission,
as noted in the Experimental Procedures) under voltage granule cell spines in dendrodendritic feedback inhi-
bition.clamp, the granule cells showed an inward current re-
sponse to depolarizing voltage steps, with voltage de- As most of the experiments described above were
performed in the low-Mg21 solution, it was necessarypendence characteristic of a Ca21 current. This Ca21
current was completely blocked by the Cd21/Ni21 mix- to examine these mechanisms in a medium with normal
Mg21 concentration. In the ACSF containing both 1.3ture (Figures 4B±4D). This implies that the GABA release
underlying the uncaging-evoked feedback inhibition mM Mg21 and the Cd21/Ni21 mixture, a UV light pulse
failed to evoke a feedback IPSP in the DM-nitrophen-was not mainly mediated by voltage-dependent Ca21
channels. loaded mitral cells (Figure 5A, top trace; n 5 4), presum-
ably owing to the Mg21 blockade of NMDA receptors,It has been reported that Cd21/Ni21 ions also have
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Figure 3. Voltage-Gated Ca21 Channels Are
Not Required for Triggering GABA Release in
the Dendrodendritic Feedback Inhibition
(A) The spike-evoked feedback IPSP was
completely blocked by a mixture of 100 mM
CdCl2 and 100 mM NiCl2.
(B) The Cd21/Ni21 mixture also abolished the
one-way IPSP evoked by stimulating the
granule cell layer in the presence of 50 mM
APV and 20 mM CNQX.
(C) The uncaging-evoked feedback IPSP was
only slightly reduced by the Cd21/Ni21 mixture.
(D) Statistics of the results shown in (A), (B),
and (C).
(E) The uncaging-evoked feedback IPSP was
not blocked by 10 mM thapsigargin and 10
mM ryanodine.
as shown in Figure 2B. Stimulating the granule cell layer circuit, while the major role of non-NMDA receptors ap-
pears to be facilitating the action of NMDA receptorsby a train of five electric pulses also failed to evoke an
IPSP in these mitral cells (Figure 5A, second trace; n 5 by relieving Mg21 blockade. Although we do not rule
out a contribution of voltage-gated Ca21 channels, our4), confirming the blocking effects of Cd21/Ni21 on the
voltage-gated Ca21 channels, as shown in Figure 3B. results suggest that the main source of Ca21 in triggering
GABA release for local feedback inhibition is through theHowever, when the same UV pulse was immediately
followed by the same granule cell stimuli, a feedback NMDA receptors; by contrast, GABA release mediating
lateral inhibition is presumed to be mediated by voltage-IPSP sensitive to bicuculline was observed (Figure 5A,
third trace; n 5 4). These results indicate that at normal gated Ca21 channels, as with GABA release triggered
by action potentials generated in the granule cell itselfMg21 concentration, coactivation of the mitral and gran-
ule cell dendrites can relieve the Mg21 blockade of (as shown in Figure 3B).
NMDA receptors and provide a direct Ca21 source for
triggering GABA release. The feedback IPSP was found NMDA Dominance and Its Underlying Mechanisms
to depend critically on the relative timing between the In retrospect, a critical role for NMDA receptors at olfac-
UV pulse and the granule cell stimuli. When the UV pulse tory reciprocal synapses has been implicated in early
was delivered 10 ms after the granule cell stimuli, the recordings of very slow IPSPs in turtle mitral cells per-
feedback IPSP was no longer observed (Figure 5A, bot- fused with a 0 Mg21 solution (Jahr and Nicoll, 1982).
tom trace; n 5 4). Given that both NMDA and non-NMDA receptors are
present on the granule cell spines, it is intriguing why
only NMDA receptors contribute to GABA release. OneDiscussion
hypothesis is that GABA release requires action poten-
tial firing in granule cells. This is supported by SchoppaOur results indicate a novel model for presynaptic trans-
mitter release at the olfactory dendrodendritic reciprocal et al.'s finding (1998) that granule cell firing in response
to mitral cell excitatory inputs is dependent on the NMDAsynapses (Figure 5B). In this model, glutamate released
from the mitral cell dendrites acts both on NMDA and receptor±mediated EPSP. This could provide an expla-
nation for the NMDA dominance in triggering GABA re-non-NMDA receptors on the granule cell spines. Open-
ing of the NMDA receptors provides a direct Ca21 route lease. However, early observations (Shepherd, 1963) in-
dicated that granule cell firing onset tends to occur laterfor triggering GABA release to complete the feedback
Olfactory Dendrodendritic Reciprocal Synapses
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Figure 4. Voltage-Gated Ca21 Channels Are Completely Blocked by the Cd21/Ni21 Mixture
(A) Voltage-activated Ca21 current recorded in a granule cell.
(B) Current±voltage relation of the Ca21 current shown in (A) and its blockade by the Cd21/Ni21 administration.
(C) Different actions of Cd21/Ni21 on the Ca21 current, evoked by a short depolarization command from 280 to 110 mV, and on the NMDA
receptor±mediated current, evoked by puffing a short pulse of 10 mM glutamate onto the granule cell dendrites in the presence of 20 mM
CNQX, 20 mM bicuculline methiodide, and 10 mM strychnine.
(D) Statistics of the results shown in (C).
than the onset of the mitral cell±elicited feedback inhibi- able to diffuse to the adjacent inhibitory presynaptic
site, triggering GABA release directly. Consistent withtion. Several later studies have established that feed-
this hypothesis, it has been found that AMPA receptorsback inhibition can be induced even in the presence
on olfactory bulb interneurons have a low Ca21 perme-of Na1 channel blocker (TTX), suggesting that action
ability (Jardemark et al., 1997).potentials are not critically required for GABA release
A direct role for the NMDA receptors in triggeringfrom the granule cell spines (Jahr and Nicoll, 1982; Chen
GABA release has been considered unlikely (Isaacsonand Shepherd, 1998; Isaacson and Strowbridge, 1998;
and Strowbridge, 1998; Schoppa et al., 1998), based onSchoppa et al., 1998).
electron microscopic (EM) studies in which the excit-In view of the apparently limited role of action poten-
atory synapse from mitral to granule cell and its compan-tials in GABA release from granule cell spines, an alter-
ion inhibitory synapse from granule back to mitral cellnative hypothesis is that the EPSP in the granule cell
may be separated by up to 1 mm (Price, 1968; Pricespine is sufficient by itself for triggering transmitter re-
and Powell, 1970a). According to the Ca21 microdomainlease, presumably through activating the voltage-gated
theory, such a wide separation is well beyond the diffu-Ca21 channels directly (Rall and Shepherd, 1968; Shep-
sion limit for Ca21 ions entering either through a singleherd and Brayton, 1979; Schoppa et al., 1998). Under this
channel or through multiple overlapping channels (Chadmechanism, the initial AMPA receptor±mediated EPSP
and Eckert, 1984; Simon and Llinas, 1985; Schweizer et
may be selectively suppressed by a rapid IA current in al., 1995; Stanley, 1997; Neher, 1998). However, obser-
granule cell dendrites (Schoppa and Westbrook, 1999), vations of single EM sections are notoriously unreliable
leaving the slower NMDA depolarization predominant. as a basis for morphometric conclusions, for which se-
A third explanation is that the depolarization of the rial reconstructions are needed. In a recent study, it was
EPSP evoked in a granule cell by a single excited mitral shown that the distance between the appositions of the
cell may not be strong enough either to trigger action two types of synapses actually varies and can be as
potential generation or to activate high-threshold Ca21 close as a few nanometers (Woolf and Greer, 1991a).
channels for classic transmitter release. This may ac- This question thus deserves closer study for its implica-
count for why non-NMDA receptors, whose effect is tion for the proposed mechanisms. It should also be
limited to membrane depolarization, have little direct noted that dendritic spines are rich in actin and different
contribution to GABA release. The NMDA receptors, on types of filaments (Landis and Reese, 1983; Lisman and
the contrary, are permeable to Ca21 ions. Ca21 ions flow- Harris, 1994), suggesting that there could be contractile
interactions that play a role in linking the postsynapticing through these receptor-channel complexes may be
Neuron
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Figure 5. Coincidence Detection (A) and Summary Diagram (B) of the Olfactory Bulb Dendrodendritic Reciprocal Synapses
(A) Evoking a feedback IPSP with photo-uncaging in the presence of 1.3 mM Mg21, 100 mM Cd21, and 100 mM Ni21. Top trace, a UV pulse
was delivered alone; second trace, a train of five stimuli was delivered to the granule cell layer; third trace, the UV pulse was followed with
the granule cell stimuli by 10 ms; bottom trace, the granule cell stimuli were followed with the UV pulse by 10 ms. To focus on the role of
NMDA receptors, 20 mM CNQX and 10 mM TEA were included in the ACSF.
(B) A schematic diagram showing the working mechanisms of the olfactory dendrodendritic reciprocal synapses.
density of the glutamatergic synapse and the presynap- Wheeler et al., 1994; Wu et al., 1998). Other Ca21-perme-
able channels, such as nicotinic acetylcholine receptor,tic vesicles of the GABA.
Another possible explanation reconciling the present P2X purinoceptor, and NMDA receptor are found to play
only modulatory roles by increasing the frequency ofstudy with classic Ca21 microdomain theory is that some
extrasynaptic NMDA receptors are located on the inhibi- spontaneous miniature EPSPs (McGehee et al., 1995;
Gray et al., 1996; Gu and MacDermott, 1997; Robert ettory presynaptic membrane and can be activated by
glutamate spilled over from the adjacent excitatory syn- al., 1998). Our results from olfactory bulb synapses have
outlined a new perspective on presynaptic transmitterapse (Rusakov and Kullmann, 1998; Isaacson, 1999).
However, a recent EM study has demonstrated that release.
Several lines of evidence from immuno±electron mi-NMDA receptors are not located on the inhibitory pre-
synaptic membrane of granule cell spines (M. Sassoe- croscopy (Aoki et al., 1994; DeBiasi et al., 1996; Johnson
et al., 1996; Petralia et al., 1996; Van Bockstaele andPognetto and O. P. Ottersen, 1999, Soc. Neurosci., ab-
stract). Colago, 1996; Gracy et al., 1997; Feinstein et al., 1998),
molecular biology (Smirnova et al., 1993), neurochemis-Granule cell spine heads are small (Woolf et al.,
1991a), and the activation of NMDA receptors lasts try (Liu et al., 1997; Breukel et al., 1998), and electrophys-
iology (Chen et al., 1998; Robert et al., 1998; Cochillamuch longer than that of the Ca21 channels activated
by individual action potentials. These NMDA receptors and Alford, 1999; Glitsch and Marty, 1999) have demon-
strated that NMDA receptors are expressed on manymay therefore build up a very large Ca21 increase in the
small volume of the dendritic spine heads. It has already presynaptic terminals. The functions of these presynap-
tic NMDA receptors are not well established. It is likelybeen shown that Ca21 concentration in a pyramidal cell
spine can exceed 20±40 mM during synaptic activation that glutamate released initially by a presynaptic action
(Petrozzino et al., 1995; Yuste et al., 1999). Such a large potential can activate these NMDA autoceptors, which
increase already reaches the Ca21 concentration thresh- cause a secondary and probably regenerative glutamate
old for phasic transmitter release, as determined experi- release. Considering the Mg21 blockade of NMDA recep-
mentally in neuroendocrine cells (1.5 mM) (Augustine tors, these autoceptors may also provide a mechanism
and Neher, 1992), retinal bipolar neurons (1, 0.8±20, and for synaptic facilitation in response to a pair or a train of
.20 mM, respectively, from three different studies: Lag- presynaptic action potentials, such as those described
nado et al., 1996; Rouze and Schwartz, 1998; and Heidel- recently at cortical pyramid-to-interneuron synapses (Ali
berger et al., 1994), and crayfish neuromuscular junc- and Thomson, 1998; Markram et al., 1998; Reyes et al.,
tions (75 mM) (LandoÁ and Zucker, 1994). 1998). However, at regular axodendritic synapses, it is
technically difficult to address directly the functions of
these NMDA autoceptors, as any pharmacological ma-Implications for Synaptic Transmission
In the nervous system, so far only voltage-gated Ca21 nipulation would not only act on presynaptic sites but
also would affect postsynaptic NMDA receptors. Thischannels (such as N-, P/Q-, and R-type) have been iden-
tified to mediate phasic neurotransmitter release (Taka- has limited our knowledge of presynaptic NMDA recep-
tors to changes of miniature EPSC frequency (Robert ethashi and Momiyama, 1993; Regehr and Mintz, 1994;
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a field iris diaphragm and its centering knobs on the epifluorescental., 1998; Glitsch and Marty, 1999). The unique reciprocal
attachment. The light pulse duration, which was controlled preciselyorganization of olfactory bulb dendrodendritic synapses
by an electronic timer, was generally about 5±40 ms. After establish-makes them an attractive model for analyzing these pre-
ing whole-cell recording, the DM-nitrophen was allowed to diffuse
synaptic mechanisms. into the mitral cell secondary dendrites for 10±15 min. During this
period, the DIC slider and analyzer were removed away from the
epifluorescent light path to reduce the UV light loss. The objectiveImplications for Olfactory Signal Processing
focus was adjusted onto the secondary dendrites to be illuminated.The results shown in Figures 3B and 3C indicate that
The mitral cell soma and recording pipette were positioned outsidethere are two mechanisms through which a granule cell
the UV illumination area. Such an arrangement enabled the refillingproduces inhibitory output. One is the activation of den-
of fresh DM-nitrophen into the exposed dendrites after a UV pulse.
drodendritic reciprocal synapses. This kind of inhibition In addition, by using partially loaded DM-nitrophen (30%), a short
relies on Ca21 influx through NMDA receptors and is UV pulse presumably generated a reversible Ca21 concentration
spike, resembling the time course of Ca21 response to an individualthus an output local to individual granule cell spines.
action potential, as described by Zucker (1993). The released Ca21The other is the generation of action potentials in the
ions could rapidly rebind to the unloaded DM-nitrophen molecules,granule cell, activated by summated EPSPs. In this case,
making them available for the next photolysis. Because of theseaction potentials propagate along the granule cell den-
precautions, the response of a mitral cell to UV exposure could be
drites to trigger GABA release from many spines (as repeated stably more than six times, with an interexposure interval
implicated in Figure 3B). This is a more global inhibitory of 5±10 min. Such repeatability made it feasible to analyze the un-
caging-evoked feedback IPSP with pharmacological manipulation.output from a granule cell. As a result, the granule cell
is a complex integrative unit in which there are different
levels of signal processing controlling local and more Acknowledgments
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Experimental Procedures Received December 20, 1999; revised January 25, 2000.
Experiments were performed on 400 mm thick slices cut horizontally
Referencesfrom the main olfactory bulbs of Sprague-Dawley rats (18±28 days
old). Slices were prepared following previously published proce-
Ali, A.B., and Thomson, A.M. (1998). Facilitating pyramid to hori-dures (Chen and Shepherd, 1997; Chen et al., 1997) and were per-
zontal oriens-alveus interneurone inputs: dual intracellular re-fused with an oxygenated ACSF containing 124 mM NaCl, 3 mM
cordings in slices of rat hippocampus. J. Physiol. (Lond) 507,KCl, 1.3 mM MgSO4, 2 mM CaCl2, 1.25 mM NaH2PO4, 26 mM NaHCO3,
185±199.and 10 mM glucose (pH 7.4). Several modifications based on this
ACSF composition were also used. In the low-Mg21 experiments, 1.3 Aoki, C., Venkatesan, C., Go, C.-G., Mong, J.A., and Dawson, T.M.
(1994). Cellular and subcellular localization of NMDA-R1 subunitmM MgSO4 was omitted. To isolate the voltage-gated Ca21 current in
the granule cells, 0.5 mM TTX, 20 mM CNQX, 20 mM bicuculline immunoreactivity in the visual cortex of adult and neonatal rats. J.
Neurosci. 14, 5202±5222.methiodide, and 10 mM strychnine were included to block Na1 and
synaptic currents. In addition, 10 mM NaCl was replaced with TEA Aroniadou-Anderjaska, V., Ennis. M., and Shipley, M.T. (1999). Cur-
chloride of an equal molarity to block K1 current extracellularly. rent-source density analysis in the rat olfactory bulb: laminar distri-
Most experiments were carried out at room temperature; several bution of kainate/AMPA- and NMDA-receptor-mediated currents.
key results (as shown in Figure 3) were also tested at 358C±378C J. Neurophysiol. 81, 15±28.
and found to be the same. Augustine, G.J., and Neher, E. (1992). Calcium requirements for
The mitral and granule cells were identified by their morphology secretion in bovine chromaffin cells. J. Physiol. (Lond) 450, 247±271.
and location in the slices with the aid of standard infrared differential
Brennan, P.A., and Keverne, E.B. (1997). Neural mechanisms ofinterference contrast (DIC) video microscopy. Whole-cell recordings
mammalian olfactory learning. Prog. Neurobiol. 51, 457±481.were made from these neurons either in current-clamp mode with
Breukel, A.I., Besselsen, E., Lopes da Silva, F.H., and Ghijsen, W.E.an Axoclamp-2A amplifier or in voltage-clamp mode with an Axo-
(1998). A presynaptic N-methyl-D-aspartate autoreceptor in rat hip-patch-1D amplifier. The pipette solution used in Figure 1 contained
pocampus modulating amino acid release from a cytoplasmic pool.110 mM K-gluconate, 2 mM MgSO4, 10 mM HEPES, 2 mM K2-ATP,
Eur. J. Neurosci. 10, 106±114.0.1% Neurobiotin, and 0.1% Lucifer yellow K1 salt and was adjusted
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